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Surface 3 of alloy AA6111-T4, even deeper into the weld
material, showed similar results.
Finally, we note that we did not perform a complete inves-
tigation of the base metal. However, some preliminary results
indicate that the 6111 base metal had a much stronger texture
than the 5182. This difference could be another reason why the
6111 material had a stronger texture in the columnar grain
region of the weld.
From these results, we can conclude that a strong cube tex-
ture forms in laser-welded AA5182-O and AA6111-T4 alloys
and that the strength of the texture depends on the particular
alloy and the depth through the weld zone. In particular, we
note that the columnar grains that form on either side of the
weld centerlines and appear to grow out from the parent metal
into the liquid are highly textured, with a 001 direction
parallel to the growth direction. This result is in agreement
with studies of solidification in aluminum alloys that reported
that a cube direction is a preferred growth direction.[15] Given
that mechanical properties are strongly dependent on texture,[16]
one would expect this texture could have a strong effect on
the local mechanical response of the welds.
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Eutectic Solidification of Aluminum-
Silicon Alloys
SUMANTH SHANKAR, YANCY W. RIDDLE,
and MAKHLOUF M. MAKHLOUF
A mechanism that describes nucleation and growth as well
as morphology modification by chemical additives of the eutec-
tic phases in aluminum-silicon hypoeutectic alloys is presented.
The mechanism is supported with results of nonequilibrium
thermal analyses, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), selected area electron
diffraction, and elemental X-ray mapping, as well as results of
high-temperature rheological measurements that are performed
on alloy samples of precisely controlled chemistry.
Recently, Hillert[1] commented on an article that appeared
in Metallurgical and Materials Transactions on the eutectic
solidification of aluminum-silicon alloys[2] and expressed that
“there are still considerable uncertainties as to what are the
main features.” He then added, “It seems that a serious dis-
cussion should be based on a definition of the most essential
facts and safe conclusions from them.” In this article, we offer
our views on the operative mechanism during nucleation and
chemical modification of the eutectic phases in aluminum-
silicon hypoeutectic alloys. We support these views with scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) results, as well as selected area electron
diffraction analysis, elemental X-ray mapping, and high-
temperature rheological studies, all performed on alloy samples
of precisely controlled chemistry. We hope that this article
sheds more light on this technologically important reaction.
The Al-Si system is a simple binary eutectic with limited
solubility of aluminum in silicon and limited solubility of sili-
con in aluminum. The only invariant reaction in the system, other
than the melting of pure Al and pure Si, is the eutectic transfor-
mation of liquid solution to solid solution Al and nearly pure
Si, which occurs at 577.6 °C and 12.6 wt pct silicon, namely[3]
However, it has recently been shown[4–7] that binary Al-Si alloys
prepared from pure materials (99.999 pct purity Al and 99.9999
pct purity Si) can have up to 50-ppm iron. Although this level
of iron is normally considered a trace level impurity of little
consequence, it plays a significant role in the solidification of
the Al-Si eutectic phases. Iron, in quantities exceeding 0.0015 wt
pct, forms a -(Al, Si, Fe) phase. During solidification of
hypoeutectic Al-Si alloys, primary -Al dendrites nucleate at
the liquidus temperature, and -(Al, Si, Fe) particles nucleate
in the solute field ahead of these growing dendrites at a tem-
perature at or slightly above the eutectic temperature of the
alloy. Eutectic Si nucleates on these -(Al, Si, Fe) particles,
and eutectic Al nucleates on the eutectic silicon. The growth
L → Aleut  Sieut
3038—VOLUME 35A, SEPTEMBER 2004 METALLURGICAL AND MATERIALS TRANSACTIONS A
SUMANTH SHANKAR and YANCY W. RIDDLE, Research Scientists,
and MAKHLOUF M. MAKHLOUF, Professor of Mechanical Engineering
and Director, are with the Advanced Casting Research Center, Worcester
Polytechnic Institute, Worcester, MA 01609. Contact e-mail: mmm@wpi.edu
Manuscript submitted January 8, 2004.
48-04-C8A-2.qxd  8/11/04  4:27 AM  Page 3038
of the primary aluminum dendrites is eventually arrested when
the dendrites impinge on the eutectic Al grains.
The following paragraphs substantiate this mechanism with
thermodynamic and thermal analyses results, as well as results
of SEM, TEM, selected area electron diffraction analysis,
and elemental X-ray mapping.
Figure 1 shows isopleths from an Al-7 wt pct Si phase dia-
gram with increasing Fe content, as calculated using the com-
mercial software Pandat.* Comparable results were obtained from
*Pandat is marketed by CompuTherm, LLC (Madison, WI). Pandat uses
the PanAluminum version 2b thermodynamic database for commercial alu-
minum alloys, which is experimentally verified with published limits of
usability for the elements in this calculation, namely, Al  80 pct, Si 
17.45 pct, Fe  1.0 pct.
the commercial software Thermocalc** using the Thermotech
**Thermolcalc is developed and marketed by the Foundation of Com-
putational Thermodynamics (Stockholm).
Aluminum database. At a minimum of 0.0038 pct Fe, a ternary
-(Al, Si, Fe) phase is expected to form at 575 °C. Because
this level of Fe has been shown to be a natural impurity level
in even “high-purity” Al, the system must be thought of as a
ternary Al-Si-Fe system with the following invariant reaction
rather than a binary Al-Si system.
-(Al, Si, Fe) precipitates just before the eutectic silicon, or
along with the eutectic silicon depending on the iron content
of the alloy. Consequently, the -(Al, Si, Fe) particles may
act as a nucleation site for the eutectic silicon.
Figure 2 shows typical thermal analysis curves for an Al-
8.5 wt pct Si-0.0032 wt pct Fe alloy and an Al-8.5 wt pct
Si-0.24 wt pct Fe alloy. Note that the eutectic reaction, which
according to the current Al-Si phase diagram[3] should occur
at 577.6 °C for the 0.0032 wt pct Fe alloy, is delayed and
occurs at 575.1 °C. On the other hand, the eutectic reaction
for the 0.24 wt pct Fe alloy occurs at the temperature dic-
tated by the phase diagram, namely, 578 °C. In the 0.0032 wt
pct Fe alloy, the nucleation event of eutectic Si is depressed
until the -(Al, Si, Fe) phase evolves at 575 °C. However,
in the 0.24 wt pct Fe alloy, because of the low partition coef-
ficient of Fe in the system (0.022),[8,9] the -(Al, Si, Fe) phase
evolves ahead of the eutectic Si; hence, the eutectic reaction
is not delayed.† It should be mentioned here that although
†The two-thermocouple technique devised by Bäkerud et al.[10] was used
for thermal analyses. In this method, two thermocouples are located in the
crucible such that one is near the crucible’s edge and the other is at its center.
The time-based derivatives (dT/dt) from the data of these two thermocou-
ples are obtained and plotted together with the difference in their tempera-
ture (T ) readings at a given time. From the thermal analysis data, the
eutectic temperature is defined as the point where there is an abrupt change
in the first derivative of the temperature curve with respect to time.
L → aAl   b- (Al, Si, Fe)   Sieut
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(a)
(b)
Fig. 1—Isopleths from the Al-Si-Fe ternary phase diagram obtained from
the commercial software Pandat: (a) phase diagram of Al-7 wt pct Si and
Al-7 wt pct Si-0.5 wt pct Fe; and (b) phase diagram of Al-7 wt pct Si and
Al-7 wt pct Si-0.01 wt pct Fe.
Fig. 2—Solidification curves for Al-8.5 wt pct Si-0.0032 wt pct Fe alloy
and Al-8.5 wt pct Si-0.24 wt pct Fe alloy. Evolution of -(Al, Si, Fe)
prior to Sieut in the 0.24 wt pct Fe alloy results in a eutectic reaction tem-
perature of 578 °C and the eutectic reaction temperature is depressed to
575.12 °C in the 0.0032 wt pct Fe alloy because Si nucleation is delayed
until the -(Al, Si, Fe) phase nucleates at 575.12 °C.
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thermal analysis is useful for identifying the temperatures at
which various phase precipitation events occur, it is not suf-
ficient for uniquely identifying the precipitating phases. How-
ever, these thermal analysis data correlate well with SEM
and TEM observations and with calculated phase diagrams,
which lends confidence to the stated sequence of precipitation
events.
Figure 3 shows a -(Al, Si, Fe) particle in an Al-4.5 wt
pct Si sample. Figures 3(a) and (b) are SEM images of the
particle taken in secondary electron mode and in backscatter
electron mode, respectively. Figure 3(c) is an elemental X-ray
map showing the distribution of iron in the microstructure.
Figure 4 is a composite of several TEM photomicrographs
showing the association of eutectic Si with the -(Al, Si, Fe)
phase. Figure 4(a) is a composite image obtained by com-
bining the results of the elemental maps for Al, Si, and Fe,
respectively, from the TEM bright-field image shown in Fig-
ure 4(b). Several of the eutectic silicon flakes in the
microstructure have a -(Al, Si, Fe) particle attached to their
edge. Moreover, several -(Al, Si, Fe) particles are attached
to more than one eutectic silicon flake with differing crys-
tallographic orientation. Table I shows the composition of a
few of the (Al, Fe, Si) particles shown in Figure 4 as obtained
by energy-dispersive X-ray spectrometry using a spot beam
in a 200 kV transmission electron microscope. It is evident
that the average composition of these particles closely matches
that of -(Al9 Si2Fe2), namely, 69.2 at. pct Al, 15.4 at. pct
Si, and 15.4 at. pct Fe.[11]
Figure 5 is a TEM image of an Al-7.5 wt pct Si-0.064 wt
pct Fe sample. In this micrograph, there is a coarse silicon
flake and an adjoining eutectic aluminum grain. Analysis of
this and similar samples showed that there is no preferred
crystallographic relationship between the aluminum den-
drites and the eutectic silicon phase, while several preferred
crystallographic relationships were often found between the
eutectic aluminum grains and the specific eutectic silicon
flakes on which each grain nucleated. Figure 6 shows an
SEM secondary electron image of the same alloy quenched
in a mixture of antifreeze and dry ice equilibrated at 40 °C
after about 20 vol. pct of the eutectic had formed, showing
the nucleation of eutectic Al grains on the coarse prequench
eutectic Si flakes.
In the presence of chemical modifiers, e.g., strontium, near
the end of solidification of the mushy zone, the modifier con-
centration in the eutectic liquid within the interdendritic
regions reaches relatively high levels. As shown in Figure 7,
the chemical modifier in solution (in this case Sr) changes
the rheological characteristics—specifically, it increases the
viscosity of the eutectic liquid ahead of the -Al dendrites.
Viscosity of the melt is directly proportional to its surface
tension.[12,13] The interface characteristics between the eutectic
liquid and the solids in the melt are so altered by the presence
of strontium that the wetting angle between the eutectic liq-
uid and the solid substrates, e.g., the -(Al, Si, Fe) parti-
cles, on which the eutectic phases nucleate is increased.
Hence, it is likely that the eutectic phases do not nucleate
on the solid substrates at the eutectic temperature, and sig-
nificant undercooling of the melt occurs. Meanwhile, the
-Al dendrites continue to grow, rendering the eutectic liquid
ahead of them supersaturated with silicon. The undercooling
and the silicon supersaturation in the eutectic liquid cause
precipitation of primary, blocky silicon particles ahead of the
dendrites, forming a boundary between the -Al dendrites
and the liquid (Figure 8). The liquid cannot penetrate through
this chain of blocky silicon particles to further the growth
of the -Al dendrites. However, numerous Al grains nucle-
ate in the supercooled liquid, as shown in Figure 9. It is
proposed that the eutectic silicon then grows between the
arrays of eutectic Al grains, and aided by its ability to twin
easily, the silicon phase is forced to acquire the fibrous,
broomlike morphology characteristic of chemically modified
hypoeutectic Al-Si alloys rather than the flaky, platelike
morphology characteristic of unmodified alloys (Figure 10).
In summary, commercial aluminum-silicon foundry alloys
invariably contain significant amounts of iron, which play
an important role in the nucleation of the eutectic phases in
these alloys. Relatively high iron contents promote formation
of the iron containing -(Al, Si, Fe) phase. In unmodified
hypoeutectic Al-Si alloys, eutectic silicon nucleates on these
-(Al, Si, Fe) particles before the nucleation of eutectic Al,
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Fig. 3—SEM micrographs of an Al-4.5 pct Si alloy sample: (a) secondary electron image, (b) backscatter electron image of region indicated in (a), and (c)
elemental map of Fe showing the -(Al, Si, Fe) phase.
(a) (b) (c)
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and this results in free growth of silicon into the eutectic
liquid with its typical platelike morphology. On the other
hand, in chemically modified hypoeutectic Al-Si alloys,
the growth of the -(Al, Fe, Si) phase is halted, resulting in
a large number of equiaxed eutectic Al grains nucleating
before nucleation of eutectic silicon, and hence, silicon is
forced to grow in between the eutectic Al grains acquiring
a fibrous, broomlike morphology. This growth pattern is
aided by silicon’s ability to twin easily and growth proceeds
with the twin plane re-entrant edge mechanism.[14,15] Recently,
Makhlouf and Guthy critically reviewed the various hypothe-
ses that have been proposed over the past 80 years to explain
the eutectic reaction in aluminum-silicon alloys.[16] Careful
examination of these hypotheses shows that they cannot
explain many observed phenomena that are associated with
chemical modification, particularly (1) they do not explain
the relatively large undercooling during solidification that
is observed with the evolution of the eutectic phases when
modifying elements are present, and (2) they cannot explain
the occurrence of eutectic modification without chemical
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Fig. 4—Images showing association of eutectic Si with the -(Al, Si, Fe) phase. (a) Composite elemental map of Al, Si, and Fe (key inserted) obtained
from the image shown in (b). (b) TEM bright-field image showing locations where -(Al, Fe, Si) phase was found.
Table I. Composition of (Al, Si, Fe) Particles Similar to Those in Figure 4
Particle 1 Particle 2 Particle 3 Particle 4 Particle 5
Element Wt Pct At. Pct Wt Pct At. Pct Wt Pct At. Pct Wt Pct At. Pct Wt Pct At. Pct
Al 63.64 73.66 62.8 69.2 62.83 72.98 64.59 74.58 61.53 70.95
Si 10.86 12.08 12.43 15.42 11.10 12.39 10.26 11.38 13.82 15.31
Fe 25.49 14.26 24.77 15.38 26.07 14.63 25.15 14.03 24.65 13.73
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Fig. 5—TEM micrograph of an Al-7.5 wt pct Si-0.064 wt pct Fe sample. A [112]Al || [011]Si crystallographic relationship was observed between the eutec-
tic Si and the adjoining eutectic Al. The white circles marked A, B, and C represent the areas where diffraction patterns were taken from Si, the Si-Al inter-
face region, and Al, respectively. The respective diffraction patterns marked A, B, and C are shown below the bright-field image. It can be seen that the
[112]Si and [110]Al overlap well in the pattern taken at the interface region between Al and Si. The images are in inverse polarity mode to enhance viewing
contrast.
Fig. 6—(a) and (b) Secondary electron SEM images of an Al-7.5 wt pct Si-0.064 wt pct Fe sample showing the evolution of coarse prequench eutectic Si
flakes upon which eutectic Al phase evolves.
(a) (b)
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Fig. 7—Apparent viscosity vs temperature curves for Al-Si–unmodified
() and Sr-modified () alloys.
(a)
(b)
Fig. 8—Interface between primary -Al dendrite and eutectic region in an
Al-7 wt pct Si-0.023 wt pct Sr alloy sample. (a) Bright-field TEM image
showing the precipitation of blocky Si phase at the interface between the
-Al dendrite and the eutectic liquid. (b) Centered dark-field TEM image
showing the bright primary -Al dendrites and the inability of the eutec-
tic liquid to feed the dendrite after the formation of blocky Si precipitates
at the interface.
additives but rather due to an increased superheat or a rela-
tively fast solidification rate.[17,18] It is clear that the theory
presented herein can account for these as well as other rel-
evant observations.
Fig. 9—Ga ion image of an Al-7 wt pct Si-0.02 wt pct Sr alloy sample
showing the primary -Al dendrite and the eutectic region composed of
fine eutectic Al grains and fine Si phase.
Fig. 10—Fibrous, broomlike morphology of eutectic Si phase in an Al-
7 wt pct Si-0.023 wt pct Sr alloy sample.
REFERENCES
1. M. Hillert: Metall. Mater. Trans. A, 2003, vol. 34A, p. 2688.
2. A.K. Dahle, K. Nogita, J.W. Zindel, S.D. McDonald, and I.M. Hogan:
Metall. Mater. Trans. A, 2001, vol. 32A, pp. 949-60.
3. J.L. Murray and A.J. McAllister: Bull. Alloy Phase Diagrams, 1984,
vol. 5, p. 74.
4. C.R. Ho and B. Cantor: Acta Mater., 1995, vol. 43, p. 3231.
5. D.L. Zhang and B. Cantor: Metall. Mater. Trans. A, 1993, vol. 24A,
pp. 1195-1204.
6. C.R. Ho and B. Cantor: J. Mater. Sci. Eng., 1993, vol. 173A, p. 37.
7. B. Cantor: J. Mater. Sci. Eng., 1997, vol. 151A, p. 226.
8. B. Yang, D. Stefanescu, and J. Leon-Torres: Metall. Mater. Trans. A,
2001, vol. 32A, p. 3065.
9. W. Khalifa, F.H. Samuel, and J.E. Gruzleski: Metall. Mater. Trans. A,
2003, vol. 34A, p. 807.
10. L. Backerud, G. Chai, and J. Tamminen: Solidification Characteristics
of Aluminum Alloys, AFS/SkanAluminum, Oslo, 1990, p. 2.
11. G.V. Rivlin: Int. Metall. Rev., 1981, vol. 3, p. 133.
12. I. Egry, G. Lohöfer, and S. Sauerland: J. Non-Cryst. Solids, vols. 156–158,
Part 2, 1993, p. 830.
13. I. Egry: Scripta Metall. Mater., 1993, vol. 28, p. 1273.
14. S. Lu and A. Hellawell: Metall. Mater. Trans. A, 1987, vol. 18A,
pp. 1721-33.
15. S. Lu and A. Hellawell: J. Cryst. Growth, 1985, vol. 73, p. 316.
16. M.M. Makhlouf and H.V. Guthy: J. Light Met., 2001, vol. 1, p. 199.
17. Y. Awano and Y. Shimizu: AFS Trans., 1990, vol. 176, p. 889.
18. Wanqi Jie, Zhongwei Chen, W. Reif, and K. Mumller: Metall Mater
Trans. A, 2003, vol. 34A, p. 799.
48-04-C8A-2.qxd  8/11/04  4:27 AM  Page 3043
